Plasmon hybridization theory, inspired by molecular orbital theory, has been extremely successful in describing the near-field coupling in clusters of plasmonic nanoparticles, also known as plasmonic molecules. However, the vibrational modes of plasmonic molecules have been virtually unexplored. By designing precisely configured plasmonic molecules of varying complexity and probing them at the individual plasmonic molecule level, intramolecular coupling of acoustic modes, mediated by the underlying substrate, is observed. The strength of this coupling can be manipulated through the configuration of the plasmonic molecules. Surprisingly, classical continuum elastic theory fails to account for the experimental trends, which are well described by a simple coupled oscillator picture that assumes the vibrational coupling is mediated by coherent phonons with low energies. These findings provide a route to the systematic optical control of the gigahertz response of metallic nanostructures, opening the door to new optomechanical device strategies.
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plasmonics | coherent phonon | ultrafast spectroscopy | optomechanics I ntermolecular and intramolecular energy transfer and redistribution, associated with many bond-selective reactions, are usually mediated by internal vibrational or rotational mode coupling (1) (2) (3) (4) (5) (6) (7) (8) . A coupled harmonic oscillator picture provides the simplest approximation to model vibrational interactions in molecules (9) . When two vibrations are coupled, the result is a blueshift of the higher-frequency mode, while the lower-frequency mode is redshifted with a magnitude governed by the coupling strength (Fig.  1A) . A quantum mechanical treatment becomes necessary to describe the more complex coupling in larger molecules that support many vibronic modes (10) . As a consequence of quantum mechanical state mixing, unique spectroscopic features emerge, including frequency splitting and shifting, that can be exploited to deduce molecular structure through vibrational spectroscopy (10, 11) . One such phenomenon is known as a Fermi resonance, which occurs when two energetically similar vibrations mix, resulting in frequency shifts and intensity redistribution of the uncoupled vibrational resonances (12) . Often, one of the two interacting vibrational modes is an overtone, and coupling is maximized when ω A = 2ω B .
Many concepts of molecular spectroscopy have been successfully applied to clusters of proximal nanoparticles supporting plasmon resonances, known as plasmonic molecules. These include the hybridization of plasmons to form coupled modes due to strong nearfield coupling, in analogy with molecular orbital theory (13, 14) ; the emergence of Fano interference (14) (15) (16) ; and the application of group theory to determine selection rules (17) . The excitation of coherent lattice vibrations has also been observed through Raman spectroscopy (18, 19) , ultrafast imaging (20, 21) , and transient extinction spectroscopy (22) (23) (24) . In this last method, the strong absorption of an ultrafast laser pulse by the plasmonic nanoparticle impulsively launches acoustic breathing modes that are detected optically with a time-delayed probe pulse (22, (25) (26) (27) . The measured acoustic modes of isolated nanoparticles are well described by continuum elastic theory (22, 23, 28) . However, vibrational coupling in plasmonic molecules has been virtually unexplored.
The few ultrafast studies on groupings of plasmonic nanoparticles have reported widely contradicting results. As the interparticle gap in gold nanodisk dimers was decreased from 212 to 7 nm, an increase in the oscillation period was measured and attributed to stronger near-field coupling (29) . However, no change in vibration frequency was observed for gold nanocuboid dimers with varying separations (30, 31) . In closely spaced dimers of gold nanospheres prepared by chemical methods, a second lowerfrequency acoustic vibration was detected, corresponding to the stretching mode of a connected dumbbell (32) . A similar stretching mode was seen in Raman measurements of nanosphere dimers that were mechanically coupled by surrounding polymer molecules, consistent with predictions based on continuum elastic theory (33, 34) . By using individual nanostructure building blocks with highly controlled geometries and precise interparticle spacings to create plasmonic molecules, these observed disparities could be resolved. This approach has yielded much current fundamental insight into the near-field interactions of plasmonic modes (13, 16, 25, 35) , but has not been applied to the vibrations of plasmonic molecules.
Here, we report an experimental observation of vibrational coupling within plasmonic molecules, occurring through the acoustic modes of their constituent nanoparticles. We use transient extinction spectroscopy of individual plasmonic molecules with wavelength tunable optical probe pulses that detected specific acoustic modes in the metal nanoparticles launched impulsively through ultrafast laser excitation. The precise control of size, spacing, and arrangement of the individual nanoparticle constituents of each plasmonic molecule is accomplished by using electron-beam lithographic fabrication, allowing us to tune and control the coupling strength. These results demonstrate the breakdown of classical continuum elastic theory and suggest that coherent phonons of the substrate play an important role in the acoustic mode coupling in these systems.
We chose to study a decamer of plasmonic nanodisks, where a larger central disk is surrounded by an outer ring of nine smaller disks. A schematic illustration of a decamer is shown in
Significance
In this work, we provide evidence of vibrational coupling between the constituent atoms in a plasmonic molecule mediated by coherent substrate phonons. A simple coupled harmonic oscillator model provides fundamental insight into the optomechanical selection rules for the launching of vibrational modes. The coupling strength-dependent vibrational frequency shifts can be directly manipulated by precise tuning of the structure of the plasmonic molecule by using top-down lithography. This tunability paves the way for new strategies to design optomechanical devices based on metallic nanostructures. Near-field coupling in the decamer leads to a Fano resonance near 650 nm in the dark-field scattering spectrum (Fig. 1D) . Simulated scattering spectra are provided in SI Appendix, Fig. S2 . Based on plasmon hybridization theory (13) , this Fano resonance can be attributed to the interference between a broad superradiant mode, where the plasmons of all nanodisks oscillate in phase, and a narrow subradiant mode, where the plasmon oscillations of the central disk and outer ring are out of phase (14, 16) . In contrast, the scattering spectra of the 178-nm central disk and the outer ring of 78-nm disks have a single plasmon resonance peaked at 780 and 600 nm, respectively.
Based on finite element method (FEM) analysis of the acoustic vibrations of the decamer, including the substrate and all acoustic modes supported by this system when considering continuum elastic theory, no frequency shifts should be expected for the modes corresponding to the isolated central disk and outer ring (Fig. 1E) . It is important to also note that the experimental in-plane breathing frequency of different-diameter gold nanodisks (i.e., plasmonic atoms) is quantitatively reproduced with continuum elastic theory (SI Appendix, Fig. S3 ).
Through transient extinction spectroscopy (Materials and Methods and SI Appendix, Fig. S1 ), clear shifts of the fundamental frequencies corresponding to the larger central disk and smaller ring disks are observed (Fig. 2 ). An individual central disk ( Fig. 2A) , outer ring (Fig. 2B) , and decamer ( Fig. 2C) are excited above the gold interband transition at 405 nm and probed with 810-nm pulses that spectrally overlapped the plasmon resonances of each nanostructure. All transient transmissions show a fast initial rise, due to ultrafast bleaching caused by the excitation pulse, followed by a few-picosecond decay due to electron-phonon coupling (22, 36) . Thermalization of the hot lattice with the surrounding medium occurs on a timescale of several hundred picoseconds. This slower decay component is modulated by the periodic lattice expansion of excited acoustic breathing modes that modify the plasmon resonance. By subtracting the contributions from electron-phonon and phonon-phonon coupling, the acoustic modes are isolated ( Fig. 2 A-C, Lower) and obey damped harmonic oscillations, yielding vibration frequencies of 10.7 ± 0.8 and 21.5 ± 0.8 GHz for the central disk and outer ring, respectively (see SI Appendix for details). Considering the absence of frequency shifts in the FEM simulations of these structures ( Fig. 1E ) and the fact that continuum elastic theory has not previously failed to describe the mechanical properties of individual metallic nanoparticles (34, (37) (38) (39) (40) , the corresponding modes in the decamer are unexpectedly shifted to 10.4 ± 0.7 and 24.7 ± 0.4 GHz. In particular, the blueshift of the higher-frequency mode is found to be well outside the measurement error, as confirmed with fast Fourier transform (FFT) analysis (Fig. 2D ). It is important to note that the FEM calculations in Fig. 1E are carried out by using full 3D continuum elastic simulations that intrinsically accounted for all classical phenomena, such as surface acoustic waves, acoustic radiation damping, and coupling. The disagreement with experiments, as illustrated further below, points to a breakdown of continuum elastic theory.
The interrogation of individual structures, as performed here, ensures that the transmission oscillation lifetimes are not masked by inhomogeneous effects, because intrinsic damping rates can vary tremendously for lithographically prepared samples, even for extraordinarily small size variations (24, 37) . Tuning the probe wavelength from the fundamental laser line at 810 to 650 nm by generating a white-light continuum followed by spectral windowing (Materials and Methods and SI Appendix, Fig.  S1 ) allows us to isolate only the higher-frequency acoustic mode in the decamer and its components (Fig. 2 E-G) . Although the oscillation frequency and damping time are independent of probe wavelength, the oscillation amplitude exhibits a strong probe wavelength dependence: probing closer to the plasmon resonance maximum results in a larger amplitude. The 3.2-GHz blueshift is well reproduced with the 650-nm probe (Fig. 2H) .
To address whether the observed mechanical coupling is specific to the decamer structure and its Fano resonance, we investigate simpler plasmonic molecules: homodimers and heterodimers. Homodimers consisting of two 78-and 178-nm-diameter disks, as well as the heterodimer composed of one small and one large nanodisk, do not support a Fano resonance in their scattering spectra (SI Appendix, Fig. S4 ). Although heterodimers can support Fano resonances (41), in our case, the plasmon modes of the two nanodisks are sufficiently detuned. For the homodimer consisting of two 178-nm-diameter disks, no frequency shift is detected relative to that of the individual disk (Fig. 3 A and B) , and likewise for the smaller homodimer and its constituent 78-nm disk (Fig. 3 C and D) . The smaller nanodisk-based structures are probed at 650 nm to better resolve their weaker oscillations. In fact, we find the same vibration frequency of 21.8 GHz for an individual 78-nm disk, its homodimer, and rings made from different numbers of this size nanodisk with varying gap sizes ( Fig. 2 B and F and SI Appendix, Figs. S5-S8).
However, for the heterodimer, the same-magnitude frequency shift is observed (Fig. 3 C and D) as for the decamer (Fig. 2 D and  H) . With a 650-nm probe, we detect two oscillation periods of similar magnitudes, corresponding to the larger 178-nm and smaller 78-nm disk (Fig. 3C) . The frequency of the latter is blueshifted by 3.3 GHz compared with an individual 78-nm disk (Fig. 3D) . This observation clearly indicates that the measured frequency shifts are not unique to the decamer geometry, but are also present in simpler plasmonic molecules. These data also indicate that size (mass) mismatch of the individual constituents in plasmonic molecules is likely to give rise to this coupling of optically excited phonons. The advantage of investigating the decamer is an increased signal, improving our ability to reliably determine small frequency shifts.
Further control experiments and simulations allow us to exclude electromagnetic near-field coupling as a possible mechanism for the measured shifts in acoustic frequencies. No change in vibration frequency is seen for both the homodimer and heterodimer when the probe beam polarization is switched from parallel to perpendicular with respect to the main dimer axis (SI Appendix, Figs. S9 and S10). Electromagnetic coupling is strongest in dimers for parallel polarization (25, 35) . Boundary element method (BEM) (42) simulations of the extinction spectra for different clusters of nanospheres undergoing periodic lattice expansions yields no evidence that the changes in the measured transient transmissions could be simply explained by optomechanically modified plasmon coupling (SI Appendix, Figs. S11 and S12). The experimental acoustic frequencies are furthermore independent of the pump and probe laser powers (SI Appendix, Figs. S13 and S14). A coupled mechanical oscillator model (SI Appendix, Fig.  S15 ) can explain the main experimental observations. The acoustic frequency of each individual nanodisk depends inversely on its diameter (22, 37) . Connecting two oscillating nanodisks by a spring creates two new coupled acoustic modes (43) . In general, one coupled mode blueshifts, while the other redshifts. For the special case of a homodimer with degenerate frequencies, the in-phase coupled oscillation undergoes no frequency shift, while a blueshift is expected for the out-ofphase oscillation (SI Appendix, Eq. S13). Experimentally, this blueshift is not observed, because the impulsive launching of acoustic vibrations by ultrafast laser heating only drives inphase oscillations. This result gives us insight into the optomechanical selection rules for the launching of vibrational modes in plasmonic molecules. For the heterodimer, both coupled modes are allowed, and we indeed measure a blueshift of the higherfrequency and a redshift of the lower-frequency vibration. The latter frequency shift is much smaller and barely detectable within experimental uncertainties. However, based on our coupled oscillator model and estimating the coupling strength from the blueshift of the higher-frequency mode, we calculate a redshift of 0.25 GHz, in agreement with our measurements for both the heterodimer and the decamer.
Precise control over the geometry of our plasmonic molecules allows us to further characterize the vibrational coupling in nanodisk assemblies, revealing a strong gap size dependence. In the decamer structure, we investigate the degree of blueshift for the acoustic vibrations of the ring nanodisks as we change the interparticle separation from 15 to 50 nm between the central disk and outer ring (Fig. 4 A-C ; see SI Appendix, Fig. S16 for the corresponding scattering spectra). The coupled acoustic mode in these plasmonic molecules clearly exhibits a continuous redshift toward the fundamental frequency of the 78-nm nanodisk with increasing interparticle separation (Fig. 4 A and B) . This trend can be quantitatively accounted for with our coupled harmonic oscillator model by assuming that the vibrational coupling is mediated by coherent phonons of the substrate. These phonons are excited by a nanodisk vibration and propagate with an intensity (deformation amplitude) proportional to (44, 45) : Iðω, dÞ = βe
where I is the local deformation amplitude, β is the initial vibration amplitude, α is the attenuation coefficient, d is the propagation distance, and ω is the phonon frequency. The nonnegative materials parameter η has a value of 2 (46) . When this lattice deformation reaches the other disk, its effect on this disk's acoustic vibration (described by a force constant, k) is equivalent to a disk-disk coupling constant k 3 ∝ kIðω, dÞ ∝ ω 2 Iðω, dÞ. With the initial vibrational amplitude of the disk being inversely proportional to the vibrational frequency β ∝ ω −1 , the effective phononmediated coupling between the disks depends on both frequency and separation as:
[2]
The measured gap size-dependent frequency shift is fully accounted for by using this expression (Fig. 4C) . A gap-size dependence for the outer ring in isolation produces no frequency shift (SI Appendix, Fig. S8 ), consistent with our results for homodimers (Fig. 3) . From these results, we conclude that the coupling medium for the acoustic breathing modes of the nanodisks must be the supporting substrate, leading us to investigate the substrate dependence of the vibrational coupling for decamers (SI Appendix, Fig. S17 ). When comparing the glass substrate with stiffer Al 2 O 3 , we find a smaller blueshift of 1.6 GHz for the high-frequency mode of the nanodisks in the outer ring, suggesting weaker coupling due to a smaller vibration amplitude β, which is determined by the Young's modulus of the substrate (47) . Interestingly, the optically launched vibrational coupling is entirely unaffected by the Ti adhesion layer between the nanodisks and the glass substrate (SI Appendix, Fig. S18 ). Adding water as a medium between the nanodisks also has no effect, apart from reducing the damping time (SI Appendix, Fig.  S19 ). Although we expect that FEM simulations should describe these systems well, including the measured frequency shifts, the departure from the classical continuum elastic theory could be caused by the combination of low-energy acoustic modes and the nature of the substrate, which in every case was noncrystalline material. It has been reported that in glasses the Debye approximation for acoustic modes in the millielectronvolts to submillielectronvolts range fails as their wavelength becomes comparable to the local disorder (48) . More experiments and modeling are, however, needed to further investigate this observed phenomenon. We now turn to the frequency dependence of the vibrational coupling in plasmonic molecules. Fig. 4 D-F shows the timeresolved acoustic mode vibrations for decamers with varying diameters of their central disks (see SI Appendix, Fig. S20 for the corresponding scattering spectra). When increasing the central disk from 120 to 178 nm, we measure an increasing blueshift for the coupled mode. However, a further size increase leads to smaller frequencies. This behavior is qualitatively reproduced by our coupled oscillator model (Fig. 4F ) by using the coupling constant from Eq. 2 and the gap size-dependent results from Fig.  4C without any further adjustable parameters. Because the central disk has a larger absolute vibration amplitude, we assume that the central disk is driving vibrational coupling. Interestingly, the maximum measured frequency shift in Fig. 4F is for the 178-nm central disk with a frequency of 10.7 GHz, a value very close to one-half of the fundamental mode frequency (21.5 GHz) for the 78-nm outer ring disks. This result may indicate the appearance of a Fermi resonance, similar to molecular systems (12, 49) . The interaction of the first overtone of the central disk with the fundamental mode of the ring disks may result in an avoided crossing. Although overtones are not observed in the present transient extinction measurements, both ultrafast X-ray diffraction imaging and molecular dynamics simulations have revealed the presence of higher-order acoustic vibrations in gold nanoparticles (20, 50) .
Detuning the central disk frequency from the resonance condition of Zω ring = Zω overtone = 2Zω central disk results in weaker coupling, and therefore smaller frequency shifts.
In summary, the vibrational coupling of acoustic modes in plasmonic molecules has been observed. While classical continuum elastic theory describes the acoustic modes of the individual nanostructure components very well, it fails to account for the observed acoustic mode coupling, likely because of their low energies. The coupling instead follows a coherent phonon model, mediated by the supporting substrate and controllably tuned by varying the distance between the individual constituent nanoparticles of the plasmonic molecules. Coupling-induced frequency shifts are only detected in clusters composed of nanodisks with differing sizes, providing insight into the selection rules for excitation of these vibrational modes. These results show that tunability and control of the mechanical properties through a limited set of geometrical parameters can be achieved and could provide new strategies for nonlinear photoacoustic imaging, Fabry-Perot type optical cavities, devices based on optomechanically induced transparency, and families of new gigahertz microelectromechanical systems with optical excitation and/or readout.
Materials and Methods
Sample Preparation. Individual and coupled gold nanodisks are fabricated on a glass substrate by using electron-beam lithography. The substrates are sonicated in acetone for 5 min, rinsed with isopropyl alcohol, cleaned with oxygen plasma for 5 min, and spin-coated with a layer of polymethyl methacrylate resist (PMMA 950 A2; MicroChem) and Espacer 300Z (Showa Denko). Electron-beam patterning of the resist is performed by using a FEI QUANTA 650 SEM with a voltage of 30 K and a beam current of 40 pA. The resist is then developed in a 1:3 methyl isobutyl ketone:IPA solution. Titanium adhesion and gold layers are deposited on the substrates by electron-beam evaporation. The thickness of the deposited metals is monitored by a quartz crystal microbalance and further confirmed by AFM measurements. The structures are treated with a standard lift-off process via incubation in N-methyl-2-pyrrolidone at 65°C for 2 h.
Dark-Field Scattering Spectroscopy. Scattering spectra of individual nanostructures are measured by using a dark-field spectroscopy setup based on an inverted microscope (Zeiss Axio Observer m1). White light from a halogen lamp is focused on the sample by a dark-field condenser [Zeiss, numerical aperture (N.A.) = 1.4], and the scattered signals are collected by a 74 × reflective objective (Beck Optronic Solutions; N.A. = 0.65) and directed into a spectrograph (Princeton Instruments Acton SP2150) toward a charge-coupled device camera (Princeton Instruments Pixis 400BR). The spectrum is obtained by dividing the collected signal by the white light spectrum after subtracting background.
Single-Particle Transient Extinction Spectroscopy. A diode-pumped laser (Coherent Verdi) is used to pump a Ti-Sapphire oscillator (KMLab Griffin) to generate a 810-nm beam with a pulse duration of ∼80 fs. The 405-nm pump beam is generated by frequency-doubling part of the 810-nm fundamental beam in a beta barium borate crystal (Altos BBO-1004H). The other part of the 810-nm femtosecond beam is focused into a photonic crystal fiber (Newport SCG-800) to generate a supercontinuum white light. By using 25-nm bandpass filters, specific wavelengths are selected as probe. The probe beam passes through an optical delay line (Newport UTS150CC), and the intensity of the pump beam is modulated by an acousto-optic modulator (IntraAction AOM-402AF1) with a frequency of 720 kHz. The pump and probe beams are collinearly overlapped by a dichroic mirror before being focused onto the sample by the same objective (Zeiss; N.A. = 1.4). The pump (405 nm) and probe (810 or 650 nm) powers are 150 and 50 μW, respectively, unless mentioned specifically. The beam polarizations are manipulated with half-wave plates positioned before the dichroic mirror that combines pump and probe beams. A parallel configuration of linearly polarized pump and probe beams is used. The diameter (FWHM) of both pump and probe beams is ∼400 nm, ensuring that the entire nanostructure is probed. While this condition is still met for the Fano clusters, the homodimers and heterodimers are all significantly smaller than the focused femtosecond laser pulses. The pump and probe beams are collected by a second objective (Zeiss; N.A. = 0.6) in a transmission geometry and passed through a 450-nm longpass filter so that only the probe beam is detected by a photodiode. The signal is fed into a lock-in amplifier and connected to a counterboard (National Instruments). Transient extinction images, used to locate individual nanodisks, are obtained with pump and probe beams overlapped temporarily by scanning the sample through the focused laser beams using a piezo scanning stage (Physik Intrumente P-517.3CL). Time transients are acquired by moving the optical delay line and repeated at least two times to ensure the reproducibility of each measurement and photostability of the sample.
Finite Element Method Simulations. The 3D gold nanoclusters, as shown in Fig.  1C , are modeled in the commercial finite element software COMSOL Multiphysics by using its frequency response solver for a solid. For numerical simulations, the interaction between the gold nanodisk with the 2-nm Ti adhension layer and the glass substrate is considered. To truncate the thickness of the thicker glass layer, a perfectly matched layer (PML) on the bottom of the glass substrate is used to absorb propagating acoustic waves. The dimensions of the glass layer and the PML are optimized by considering different thicknesses and radii of these layers. The reported results are independent of mesh size to within 0.1%. We consider three different cases: a 178-nm central disk, a ring composed of nine 78-nm nanodisks, and a decamer. The deformation field of the central disk, outer ring, and decamer with a gap size of 20 nm is shown in Fig. 1E . The simulated frequencies do not change as the central disk is inserted into the ring and are also independent of the gap size, as we vary it from 5 to 20, 44, and 88 nm.
BEM Simulations. Simulations of the extinction and scattering spectra of the different gold nanostructures are performed with the BEM by using the MNPBEM toolbox implemented in the Matlab software. Gold nanostructures with a Ti adhesion layer on top of a glass substrate are considered. The dielectric function of gold is taken from Johnson and Christy (51) , while values for Ti and glass are taken from Palik and Ghosh (52) . The geometry of each nanostructure is adopted from the SEM images.
Associated Content. SI Appendix provides experimental details and results, including the setup of the transient extinction microscope, scattering spectra of decamers and outer rings with different configurations, size-dependent vibrations of individual nanodisks, acoustic vibrations of outer rings with different gap sizes and different numbers of containing nanodisks, probe polarization-dependent vibration of dimers, power-dependent vibrations of decamers, coupled oscillator analysis, and environment-dependent vibration of decamers. For a complete overview, all measured acoustic frequencies and damping times are provided in SI Appendix, Tables S1-S4.
